The current emphasis of biotechnology in animal agriculture stresses the need for identification of major genes affecting growth and development, reproductive performance, lactation, and disease resistance characteristics. Identification of allelic variants of genes that affect quantitative traits, either positively or negatively, may be used to increase genetic potential for production of livestock products. The long-term objectives of our integrated quantitative and molecular approach are to develop precise genomic maps of livestock species and to understand how allelic genes affect quantitative phenotypes. Work is underway to identify new polymorphic genetic markers and to perform linkage analysis of such markers with important economic traits. The relevance of this research is specifically to p e d t an accelerated rate of genetic improvement via marker-assisted selection, selecting animals based upon their genotype in addition to using phenotypic data. Other important ramifications of this endeavor include the identification of genes that may have commercial application through construction of transgenic animals and the development of methods and reagents to further gene mapping in livestock species. This paper outlines the nature of the collaborative approach to animal breeding research developed by animal scientists at the University of Illinois and discusses strategies for integrating traditional molecular and quantitative genetics disciplines.
INTRODUCTION
The scientific breakthroughs in molecular biology that have occurred over the past decade will likely have a direct impact on animal breeding in the future. Molecular genetics technologies will likely be adopted by animal breeders in the field (4) and thus must be understood by quantitative geneticists. The opportunities afforded by biotechnologies must be exploited to initiate and maintain creative, meaningful research programs with livestock species. The technology exists to manipulate zygotes, to construct novel genes using recombinant DNA methodologies, and to clone and to produce transgenic animals. Such techniques might increase the rate of genetic improvement, and animal scientists will pioneer these applications. With this realization, molecular and quantitative geneticists at the University of Illinois have organized and developed coordinated programs incorporating traditional animal breeding and biotechnology. This paper reviews projects that focus on identification of genetic markers and applications of gene mapping that are underway as part of this "team approach", circa 1989.
blood group system and porcine stress syndrome (PSS) remains one of the classic contri-. butions of animal immunogenetics (18) . This discovery serves today as an inspiration to the new breed of molecular animal scientists who strive to clone the PSS gene and determine its function by "reverse genetics" (i.e., identification of a gene product by first mapping the gene for the associated phenotype). Rasmusen served as President of the International Society for Animal Blood Group Research (now the International Society for Animal Genetics) from 1976 until his retirement in 1984. Indeed, Rasmusen was ahead of his time, and his input in developing our current program is greatly valued.
To fill his position, Harris Lewin (immunogenetics) joined the Department of Animal Sciences as an assistant professor in 1984. Lewin's early interactions with quantitative geneticists and beef and dairy management specialists provided a foundation upon which the current program is built. Rohan Fernando (statistical g e netics) and David McLaren (swine breeding) began their faculty careers in 1985. With the recruitment of Lawrence Schook (molecular immunology) as an associate professor in 1986, the "team" was firmly established.
The reasons for the development of a multidisciplinary approach to identifying genetic markers and major genes associated with production traits reflect the varied applied and basic interests of the group. Initial discussions of potential areas of collaboration revealed how little each member understood the others' perspectives, let alone terminology, which prompted a faculty retreat "Biotechnology and The use of exotic breeds to identify and map genes is a classical approach in genetics (16) , and the planning required by the impending arrival of Chinese pigs accelerated the identification of new research thrusts to utilize our existing institutional and faculty strengths. Release of the first importation of hyperprolific pigs from the Peoples' Republic of China to three US experiment stations took place in July 1989. Genes recovered from the Chinese pigs may increase the average number of pigs weaned per litter from 8 to 11 and possibly improve disease resistance. Scientists at the University of Illinois, Iowa State University, and the USDA Meat Animal Research Center in Nebraska will conduct experiments with these exotic swine to elucidate mechanisms of large litter size, early sexual maturity, and disease resistance in addition to other areas of basic research. Classical breeding methodologies, in conjunction with new molecular and statistical techniques, will be used to evaluate use of Chinese pigs in American pork production systems.
Academlc Programs
Fundamental aspects of any academic program are curriculum, program area disciplinary grcups, equipment, and funding. The technical demands of animal science in an age of biotechnology will be high, and it is imperative that the most talented high school students are recruited into our programs. This will require communicating the excitement and importance animal science will have to 21st century society. Undergraduates must be given opportunities to work in laboratory settings and to communicate with graduate students and faculty. Fortunately, at the University of Illinois, the J. B. Turner scholarship program funds undergraduates to work on research projects. In addition, staff at the university's Biotechnology Center have worked hard to obtain summer stipends from industry to support such students.
A predoctoral program in molecular and cell biology in animal production, funded by the USDA as part of their National Needs in Bio- port must be developed to sustain programs.
The Team
Eighteen scientists from the following disciplinary groups are involved in coordinated r e search biochemistry, immunology, manage ment, microbiology, molecular and cell biology, muscle biology, quantitative genetics, and reproductive physiology. In addition, there are 12 scientists in the US, Israel, and Switzerland who have collaborative projects.
The diverse training within the group naturally requires broadening individual education to overcome inherent communication frustrations. Perhaps harder than acquiring new knowledge, however, is letting go of fondly held dogma. The infinitesimal model of the quantitative geneticist and the major gene model of the molecular geneticist present a dichotomy analogous to the biometrical and Mendelian schools of thought in the early 19OOs, from which the science of quantitative genetics was born. It is only by a clearer understanding of the respective disciplines that intellectual blind spots that obscure the quest for knowledge can be overcome. Future animal geneticists require an integrated training program to meet research needs of the 21st century.
Fund I ng
Biotechnology research is expensive. Only by pooling existing equipment and creating shared laboratories are present and future project goals achievable. Three shared departmental laboratories have been established at the University of Illinois: the electrophoresis (conventional and pulsed field) laboratory, the nucleic acid (sequencing and thermal cycling DNA amplification) laboratory, and the transgenic animal facility (embryo manipulation, cloning). In addition, data bases and an exotic swine germplasm bank have begun to be established for gene mapping.
The two universal rate-limiting factors are money and ideas. Verbal support and encouragement are important, but financial commitment is essential. New support has been provided by not only the department but also by the Dean of the College of Agriculture and the Director of the Experiment Station. Funds have been received through a competitive grant program at the university's Biotechnology Center. Support for collaborative, interdisciplinary projects with cattle, sheep, and pigs has also been obtained from state and national commodity groups and from the USDA Competitive Grants Program (Tables 1 and 2 ).
EXPERIMENTAL APPROACH
The basic themes of these projects are gene mapping (Figure 1 ) and associations between markers and quantitative trait loci ( Figure 2) . A method has been developed for BLUP of breeding value when marker and phenotypic information are available (5) and is currently being evaluated theoretically and using computer simulation.
Cattle
Detection of major genes for growth using genetic markers is based upon production of half-sib families from sires that are heterozygous at many loci. Associations between segregating markers and quantitative traits are then investigated using mixed linear models. Results in Angus cattle indicate a gene affecting preweaning growth linked to the B blood group system and a gene affecting carcass composition linked to the bovine lymphocyte antigen (BoLA) complex (2). Future directions of this project include establishment of reference pedigree families for gene mapping and finding a molecular marker for the B blood group system for cloning of QTL.
Molecular analysis of the BoLA complex involves serological, molecular, and biochemical analysis of genes and gene products. Techniques include lymphocyte typing, Southern blotting, isoelectric focusing (m, polymerase chain reaction (PCR), and pulsed field gel electrophoresis. Thirty internationally standardized serological BoLA specificities have been recognized (3) and IEF used to identify polymorphic BoLA class I and class II gene products (32, 33) . The complement factor B gene has been shown to be closely linked to the BOLA-A locus (27) . Complementary DNA clones for major histocompatibility complex genes have been isolated and sequenced. It is anticipated that future results will allow identification of specific disease resistant and susceptible BoLA haplotypes and physical mapping of genes in the system. Cloning and sequencing of BoLA class II alleles will be made possible using
PCR.
Associations between the BoLA complex and specific diseases are under investigation using serological and restriction fragment length polymorphism (RFLP) typing of families and populations with moderate to high incidences of infectious diseases such as bovine leukemia virus (BLV). Mixed statistical linear models are used to detect associations with production traits. To date, BoLA alleles associ- to PL and tumorigenesis and to define the molecular mechanism(s) of the effect of BLV infection on BoLA class II gene expression.
With a more detailed understanding of the effects of BLV infection on milk production, it will be possible to assess whether BoLA can be used to miwe economic losses associated with PL and tumors.
Sheep
In Australian Booroola Merinos, the F (fertility) gene is additive for ovulation rate (one copy increases number of ovulations by 1. 65 and two copies by 3.30 ova) and partially dominant for number of lambs born [first and second copies of the gene add .9 and .4 of a lamb per ewe lambing, respectively (17) marker for the F gene. Linkage studies with blood groups and biochemical polymorphisms are underway.
Swine
The mapping and characterization of swine lymphocyte antigen (SLA) genes and their products are important for the understanding of the genetic control of growth and of immune responsiveness in swine. Using serological reagents, researchers have demonstrated that the SLA complex is related to production traits / such as litter size, pig weight at birth, and weaning and piglet mortality (28) . A panel of serological reagents is being developed at the University of Illinois, using parous sera and alloimmunization, to identify SLA class I alleles (37). Distinctive conjunction with Rm9 analysis, provides an approach for identifying not only how many genes are found in each haplotype but also how many genes are expressed in each haplotype. These studies have permitted a serological and molecular characterization of the SLA. The reagents and methods developed by this study will be used to characterize the newly imported Chinese pigs and are important to our understanding of the genetic control of disease and the structure-function relationship between SLA alleles and performance and disease resistance characteristics.
Seven unlinked biochemical markers (haptoglobin, hemoglobin, SLA, phosphoglucomutase, 6-phosphogluconate dehydrogenase, malic dehydrogenase, transferrin, and p e p t i h B ) have been selected as "anchor loci" in the swine gene mapping experiment because of their polymorphic nature in purebred Landrace and Duroc lines at the University of Illinois. Porcine reference pedigree families are being constructed through informative matings in which at least one parent is heterozygous for anchor markers. Duroc-Landrace F1 gilts and Hampshire boars (to which they will be mated) are screened for heterozygosity at these loci. The segregation of alleles will be followed in the offspring and associated affects on performance determined-If statistically significant differences in a production trait segregate consistently with one allele, linkage between the QTL and the marker can be assumed. It should be noted, however, that in recombinant animals, QTL and marker alleles will not segregate together. This type of analysis would therefore be more accurate for marker-assisted selection (MAS) if haplotypes were used for detection of
QTL.
A major limitation to M A S is the lack of polymorphic genetic markers in the pig [to date only about 30 have been assigned (20)]. Therefore, another aspect of this research project will be to expand the porcine gene map with RFLP.
A series of probes have been chosen that define conserved linkage groups in man, cattle, and mice. The team will create informative families, in which at least one parent is heterozygous for the probed RFLP, and follow the restriction fragment patterns through two gener- ations to determine the recombination rate be tween these markers.
Collaboration with scientists at other institutions will permit the development of serological reagents for the identification of products of the major histocompatibility complex, establishment of associations between variable number tandem repeats (VNTR) and serologically and biochemically defined linkage groups, and the construction of reference pedigrees from informative matings, which will provide genetic information for use in this and other studies. Cloning and sequencing of swine VNTR is currently underway.
Ernbryo transfers and crossfostering began in September 1988 to investigate the etiology of "maternal" effects in Duroc and Landrace swine. Reciprocal cross pigs differ significantly for loth rib backfat and longissimus muscle area @. G. McLaren, unpublished data). Reciprocal crossbred embryos are transferred to Duroc from Landrace dams and vice versa. This will allow partitioning of the cause of such effects to events occurring at fertilization versus postfertilization. Potential mechanisms for fertilization effects include maternal inheritance of mitochondrial (mt)DNA and genomic imprinting. Variability in mtDNA is presently under investigation using RFLF' analysis of mtDNA from two banrows from each of four Duroc and two Landrace maternal lines.
The multidisciplinary approach to swine genetics research will increasingly focus on the hyperprolific Chinese pig. Illinois researchers will collaborate with scientists at the other two stations working with Chinese pigs as part of the North Central Regional Swine Breeding Project (NC-103). Techniques employed in projects listed vable 2) will be applied to experiments with the Chinese pigs.
DISCUSSION AND CONCLUSIONS
Considerable genetic improvement of livestock species has been achieved through the application of quantitative genetics theory (11, 24). The likely impact of technologies such as cloning, transgenics, and the use of genetic markers to manipulate genotype have become the subject of debate increasingly in recent years (7, 8, 9, 19, 21, 25, 26, 29, 30, 31, 34) . Nevertheless, selection based upon analysis of phenotypic data is presently the state-of-the-art in animal bresding and there is a continued need for research and promotion of existing genetic technologies.
Biotechnology-based methods should not be seen as alternatives to selection based upon phenotype. Rather, the question is where and how new technologies will be applied in livestock improvement programs. It has been predicted that over the next decade quantitative genetics will combine with molecular genetics to produce a new science for animal improvement in the 21st century (1). We also take the view that these fields will integrate rather than continue to develop as parallel disciplines. Efforts in molecular and quantitative genetics should unite if the discipline of animal genetics is to grow productively as one of the animal sciences.
Scientists must, however, critically evaluate new applications of technologies as such technologies develop. The emphasis must be placed firmly on "critically" if breeders are not to be so impressed by the technical elegance of methodologies that they lose sight of the practical.
Colin Whittemore maintained that "it is by dissent and not assent that animal science progresses" (35). Dissent, however, has various motivations. During the 1988 British Society of Animal Production debate of the motion "This house believes that the future of animal production lies in molecular biology," a floor speaker defined biotechnology as "biological technology with the logical missing." Although the remark is an amusing play on words, there is an underlying defensiveness and conservatism. Animal scientists in traditional areas face increasing difficulties obtaining funding while biotechnology has enjoyed support as a breakthrough field. To interact effectively, we must guard against our own innate biases and protectionist instincts.
Many questions arise regarding an integrated quantitative and molecular approach to animal breeding, but perhaps the first is, can such a coalition of "traditional" breeders and "maverick" molecular biologists work? We would maintain that, in our experience, such a multidisciplinary approach can be highly successful. New, integrated efforts are, however, essential for productive collaborative projects to develop. The funding environment needs to enmurage new and creative efforts. Competitive Hatch funding may be one stimulus to creative and productive multidisciplinary research.
Federal funding in support of such efforts must also change. Animal scientists need to be more vocal in support of their programs. stating their case to advocates in Washington. New curriculums and training programs in animal genetics will be required to support gene mapping efforts. These will not, however, supplant traditional courses, which will continue to play vital educational roles. By analogy, classical biochemistry has flourished following the growth of molecular biology. So, too, will quantitative genetics, reproductive physiology, and nutrition. Use of electives throughout the university and new course offerings where required must be employed in d e veloping broad-based training programs designed to attract talented students and faculty.
In a recent provocative commentary (6; p 141) appearing in Cell, Gerald Fink of the Massachusetts Institute of Technology questioned the contributions (or lack thereof) of agricultural science during the development of plant molecular biology. In this letter, he stated "in the absence of academic leadership and adequate funding, ambitious young scientists were not attracted to botanical science." He went on to criticize agricultural colleges further for missing the opportunity to provide a home for plant molecular biology, despite having the funds and positions during the past decades to do so. He blamed agricultural college deans for not being sufficiently visionary to see the importance of molecular biology in the plant sciences.
Previous federal funding of Land Grant colleges and agricultural schools, Fink asserted, did stimulate a revolution in agriculture. These agencies must now change their outdated policies and become competitive for federal budget dollars with the National Institutes of Health and the National Science Foundation. He argued for "perestroika"-restructuring. Recruitment of faculty from other disciplines who are addressing basic questions and using new methodologies can be used to assist in such a restructuring.
In response to Fink's comments, Professor Kende of Michigan State University stated "that molecular biology has started to break down . . . barriers [between discipline groups, biologists vs. plant scientists] . . . and them fore, the important distinction is still between good and bad science, not between plant molecular biology and the rest of the plant sciences" (10) .
The situation in the animal sciences is not substantially different from that in the plant sciences. Opportunities for the application of biotechnology to animal breeding do exist and must be researched. We hope discussion of our approach has served to inform other animal scientists and to stimulate adoption of the perestroika we feel is necessary for the future of animal breeding and genetics as an animal science.
